Cryogenic scanning probe techniques offer unique possibilities to probe quantum effects in nanostructures. In particular, the local electronic properties of carbon nanotubes have been investigated at low temperatures by a number of scanning techniques. [1] [2] [3] [4] [5] [6] In some of these works, the nanotubes were deposited on conducting substrates, and the conductance along the nanotube is shunted by the substrate. In a few notable exceptions, nanotubes had separate contacts along the length, allowing for simultaneous conductance measurements at low temperature. In Refs. 6 and 7, scanned gate microscopy and frequency shift microscopy were used to study the Coulomb blockade in nanotubes. In Refs. 8 and 9 a scanning tunneling microscope was used to tunnel into suspended nanotubes.
In this work we use the low-temperature conductive tip atomic force microscope ͑AFM͒ to probe carbon nanotubes grown on a nonconductive SiO 2 layer. We can measure the tip-nanotube conductance while performing the topographic scan of the nanotubes. We observe the Coulomb blockade effect in the tunneling spectrum of nanotubes weakly coupled to the contact lead. We reversibly modify the conductance pattern by pushing the AFM tip into the nanotube. In the following, we first describe our microscope and the scanning technique, then demonstrate the nanotube conductance imaging, and finally discuss the tip-nanotube conductance measurements.
Our microscope is designed for low-temperature operation inside a cryostat with a 1.25 in. bore. Scanning motion and coarse positioning in the microscope are accomplished using an inertial slider based on the Besocke design. 10 In our microscope, the tip and the AFM sensor are moved during the initial coarse positioning, and then remain stationary while the sample is scanned. The AFM sensor is made up of a platinum/iridium tip mounted on a commercial quartz tuning fork. This assembly is in turn mounted on a dithering piezoplate. 11 The tip is glued to the tuning fork in such a way that there is no conduction between the tip and the tuning fork electrodes. To measure the local conductance, a gold wire is attached to the tip using a conductive epoxy. To avoid damping the oscillations of the quartz tuning fork, we use a wire of 25 m in diameter. As a result, we obtain a resonance with a Q factor of several hundreds at room temperature and over a thousand at low temperature in He exchange gas. We use a homemade frequency detection system to monitor the changes in the frequency of the tuning fork sensor, which is forced to oscillate at its natural resonance frequency. The frequency shift observed when the tip interacts with the surface is used as a feedback signal, 11 which is sent to a commercial scanning controller and data acquisition system ͑RHK Technology͒.
We maintain a distance from the surface by keeping a frequency shift of the tuning fork at about +1 Hz. We have chosen this frequency shift as it gives us the best mix of topography and conductivity information while maintaining the sharpness of the tip. We use an "intermittent contact" scanning method: the sample to tip distance is kept small, so that during each oscillation the tip approaches the surface close enough to produce a measurable current. Therefore, we can record conductivity information while we scan the surface. This method was introduced in Refs. 12-14 to study carbon nanotubes at room temperature.
An example of conductance scanning can be seen in Fig.  1 , where we image a palladium/gold comb-shaped electrode deposited on insulating SiO 2 . The base of the comb is biased ͑typically ϳ10 mV͒, and the current signal is observed only when the tip is positioned above the metal. Some of the stripes in the comb pattern are broken along the length and do not show up in the conductance image.
We study single-wall carbon nanotubes with diameters of around 2 nm grown on a Si/ SiO 2 substrate by a chemical vapor deposition method described in Ref. After cooling down to low temperatures and coarse tip approach, we carry out a topographic as well as a conductive scan to find nanotubes that are well connected to the metal grid. Figure 2 demonstrates the topographic and conductance images of a region covered with several nanotubes ͑bright lines in the topographic image͒. However, most of them do not show up in the conductance image, indicating either their weak coupling to the metal grid, or low intrinsic conductance. The nanotube that demonstrates significant conductance in Fig. 2͑b͒ is marked by an arrow on the topographic image.
We now can position the tip on top of the nanotube, turn off the AFM feedback ͑and the tuning fork oscillation͒ and measure the local spectroscopic information ͓schematic in Fig. 3͑a͔͒ . Several of the studied nanotubes have demonstrated Coulomb blockade pattern in their tip-sample conductance spectra. In Fig. 3͑b͒ , we present the tip-nanotube differential conductance as a function of the tip dc bias and the back gate voltage. Several "Coulomb diamonds" ͑see Ref. 16 for a review͒ are visible. The charging energy extracted from the vertical scale of the diamonds is too large to be explained by the charge quantization in the nanotube segment between the tip and the contact electrode. We therefore conclude that the nanotube has a break ͑weak link͒ along its length. Figure 4 shows the tip-nanotube conductance measured as a function of the tip bias on a different nanotube. We tentatively attribute the conductance oscillations found in Fig. 4 to the Coulomb blockade. By pushing the tip harder into the nanotube, we observe an overall increase of conductance. This behavior is reasonable, since the conductance is likely limited by the interface between the nanotube and the tip. Also, we observe that the conductance pattern shifts as the tip is pushed further into the nanotube. ͑Notice, for example, that the conductance curves in Fig. 4 demonstrate either a zero-bias peak or a valley, depending on the tip position.͒ Finally, the observed modification of conductance is reversible, and the conductance curves are reproduced when the tip is returned to the original location.
In conclusion, we describe a low-temperature conductive tip AFM, which is capable of local conductance imaging of carbon nanotubes. This instrument allows us to find individual nanotubes on the sample surface and obtain the local spectroscopic information. We observe the Coulomb blockade in the tip-nanotube conductance. We also find that the pressure induced by the scanning tip reversibly modifies the conductance pattern. This observation suggests the possibility of using nanotubes as low-temperature electromechanical sensors.
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